Background: Neuropathic pain (NP) after definitive surgery for extremity osteosarcoma (OS) has not been previously characterized. This study prospectively investigates the incidence, duration, and treatment of NP in limb sparing surgery and amputation groups. Conclusions: NP after definitive surgery for OS is frequently encountered, can persist for a significant time, and NP outcomes are similar in limb sparing and amputation groups.
INTRODUCTION
Osteosarcoma (OS) is the most common bone malignancy in children and adolescents. 1 The primary tumor site in approximately 80% of patients is the extremity, most commonly the distal femur followed by the proximal tibia. The standard treatment for patients with OS is comprised of intensive chemotherapy and complete surgical resection of the primary tumor. 2 Most patients with extremity tumors are candidates for limb sparing surgery, which usually entails an en bloc removal of the tumor and involved bone and reconstruction with an endoprosthesis or allograft. In cases where a limb sparing procedure is not feasible, an amputation is recommended.
It is generally accepted that pain is frequently neuropathic in patients with cancer (19-39%), [3] [4] [5] [6] [7] either as cancer-related neuropathic pain (NP), cancer therapy-induced NP, or cancer-associated NP. Neuropathic pediatric cancer pain has been characterized [8] [9] [10] [11] Pediatr Blood Cancer 2017; 64: e26162 c 2016 Wiley Periodicals, Inc. 1 of 6 wileyonlinelibrary.com/journal/pbc in four retrospective studies, one of them specifically investigating mixed nociceptive and NP after limb sparing surgery for bone cancer 9 ; nevertheless, no prospective studies of neuropathic pediatric cancer pain have been published so far. In this study, we prospectively investigate NP after definitive surgery for extremity OS in a pediatric population to determine its incidence and describe the details of therapy for NP: monotherapy versus multiple lines of NP therapy, duration of treatment, and dose regimens; and to compare the NP outcomes in patients having limb sparing surgery versus amputation.
PATIENTS AND METHODS
As part of a multi-institutional, institutional review board approved therapeutic trial, patients with OS undergoing surgical removal of the primary tumor with either amputation or limb sparing procedure involving endoprosthetic or allograft reconstruction, following 10 weeks of preoperative chemotherapy, were prospectively followed for development, duration, and treatment of NP related to surgery.
The data collected included patient characteristics (age at diagnostic, sex, race, weight), location of extremity OS (lower or upper extremity, pelvis), disease stage (localized vs. metastatic), and type of surgery (limb sparing or amputation). A standardized data collection form was used to record the presence or absence and intensity of NP, and the type, duration, and dose regimens of NP medication at the following time points: preoperatively, each postoperative day for the first week, weekly for the first month, and then monthly until resolution of NP symptoms and weaning off the NP medication regimen. The same data collection tool was applied at all collaborating institutions.
NP was diagnosed based on the characteristics of pain as tingling, burning, shooting, "needles and pins"-like pain, localized in the surgical extremity, and distal to the surgical site. For the purposes of this study, the medications specific to the treatment of NP were gabapentin, amitriptyline, and methadone. These medications are part of the guidelines and NP treatment algorithm at our institution. The pain medication regimens were at the discretion of the treating physicians. For each patient, the starting dose, maximum dose, and dose at completion of therapy for each medication was calculated (mg/kg/day). Data pertaining to therapy with opioids were also collected: type of opioid, dose, duration of therapy. Opioid dose data were calculated based on documented administered doses (not on availability of as needed doses).
Thirty-seven of the 43 patients enrolled on the therapeutic trial met the criteria for evaluation of NP following definitive surgery. Six patients were excluded for various reasons: one patient was deemed ineligible for the trial 5 days after enrollment due to deep vein thrombosis, two patients were removed from study prior to undergoing surgery, one patient was removed from study immediately after surgery to receive radiation therapy for a positive margin and modified chemotherapy, one patient had a nonextremity OS, and one patient had a fibula resection without reconstruction (Fig. 1). 
Statistical analysis
Descriptive statistics were computed for patient characteristics for the overall group, the limb sparing group, and the amputation group. F I G U R E 1 Flowchart: patients after definitive surgery for extremity OS The incidence of NP was calculated as the rate of patients with occurrence of NP among the entire group, the limb sparing group and the amputation group separately. The difference of NP incidence between the limb sparing and amputation groups was tested using chisquare test. The duration of NP and the duration of treatment with NP medications were calculated for the overall group and the two groups of patients. The distribution of the NP duration was examined using histogram and the difference of durations between the two groups was tested for each of the two durations using Wilcoxon rank-sum test. In order to explore the relationship between NP duration and NP medication duration, patients with NP duration and patients with NP medication duration were plotted into two different time frames. Doses were derived and computed for the three NP medications (gabapentin, amitriptyline, and methadone), and the dose difference between the two patient groups was examined for gabapentin using Wilcoxon rank-sum test. All the tests were two-sided and the significant level was set at 0.05. All the computations were implemented using SAS software version 9.3 (SAS Institute Inc., Cary, NC).
RESULTS

Patient characteristics and incidence and duration of NP
Thirty-seven patients underwent 38 definitive surgeries: limb sparing (26, 68.4%) or amputations (12, 31.6%). Localization included lower extremity (30, 81%), upper extremity (6, 16%), or pelvis (1, 3%). The patient characteristics are described in Table 1 . Thirty patients (81%) experienced NP postoperatively. The NP diagnosis was established on the first day postoperatively for 14 patients (15 surgeries) and during the first week postoperatively for all patients with NP. The incidence of NP in the limb sparing and the amputation groups were 81 and 83%, respectively ( Table 2 ). The mean (SD) duration of NP in the entire study group was 6.5 weeks (7.2) (median 4.4, range 0.3-29.9) ( Table 2 and NA, not applicable.
TA B L E 1 Characteristics of patients treated with definitive surgery for extremity OS: limb sparing versus amputation
NP-specific medications-type, duration, and dose
Four of 30 patients diagnosed with NP were treated with opioids only (i.e., no NP-specific medications were prescribed); the other 26 patients received both opioids and NP-specific medication therapy.
One patient experienced two surgeries evaluable for the study, for a total of 27 surgeries/observations with NP and NP-specific medication information available for analysis. (Table 2 ).
Opioid treatment-incidence, duration, and dose
Opioid treatment data were available for 30 patients diagnosed with NP (31 surgeries) (18% missing data).Twenty-six patients (27 surgeries) (71%) were treated with both opioids and NP-specific medications and four patients were treated with opioids only (11%). The mean 
DISCUSSION
This is the first prospective investigation of NP in pediatric oncology, describing specifically NP after definitive surgery for extremity OS.
Our main findings are as follows: (i) high incidence of NP after definitive surgery for extremity OS; (ii) long duration of NP after definitive surgery for extremity OS; (iii) necessity of prolonged and often complex NP-specific medication therapies, including dual or triple therapy regimens; (iv) similar pain outcomes for limb sparing and amputation (duration of NP, duration of NP medications administration, and dose regimens for gabapentin, amitriptyline, and methadone).
In adults, a systematic literature review of 281 studies found the prevalence of postsurgical NP to be between 6% after total hip or knee arthroplasty and 66 and 68% after thoracic and breast surgery, respectively 12 ; NP after amputation or limb reconstructive surgery was not reported in this review. Review articles report persistent postsurgical pain after cancer surgery to be encountered in an estimate of 5% of surgical cases and to be underreported and underdiagnosed 13 ;
cancer-related NP in general is viewed as being common in adults. 14 Two recent review articles of NP in children 15 and specifically NP in children with cancer 16 have emphasized the characteristics of NP as a component of chronic pain states, which is complex, can be of prolonged duration, and poorly responsive to currently available treatments. Few original investigations of NP in pediatric cancer are available, including NP under specific circumstances in pediatric oncology:
pain after limb sparing, 9 NP related to vincristine chemotherapy for acute lymphoblastic leukemia, 10 and methadone therapy for NP in pediatric cancer patients. 8 Our finding of high incidence of NP after definitive surgery of 81.6%
is among the highest rates reported for NP after surgery. The concept of surgically induced NP has recently been introduced as a significant clinical problem, estimated to occur in 10-50% of individuals after common operations, 17 especially related to transection, contusion, stretching, or inflammation of the nerves, and predictive factors for surgically induced NP have been evaluated. 18, 19 While data regarding pain post limb sparing are limited, phantom limb pain (PLP), the sensation of pain experienced in a limb that is no longer there, is a very common result of limb amputation 20 and has been better characterized. Sixty to 90% of amputees experience PLP at some point in their lifetime. 21 The incidence of PLP is thought to be lower in children, and PLP has not been reported in patients younger than 4 years. 20 In a study of children and young adults (ages 6-27 years, of which 64% were younger than 18 years) with cancer-related surgical amputations, 64% suffered pre-amputation pain, 76% experienced PLP within the first year after amputation, and 10% experienced PLP at 1 year postamputation. 22 Furthermore, in a subsequent study from is implicated in development of chronic postsurgical pain. 13 The duration of NP in our study group, of mean (SD) 6.5 weeks (7.2) (median 4.4, range 0.3-29.9), is significant and for some patients it qualifies for the "true" definition of chronic pain as exceeding 3 months.
It is meaningful to note that our institutional approach to preventing NP after limb sparing or amputation is to initiate therapy with gabapentin 3-5 days preoperatively, a practice that is reflected by this study. A recent review article emphasizes that there is a critical time frame before and immediately after nerve injury during which interventions collectively described as "preventative analgesia" may reduce the incidence and severity of chronic NP. 23 Among such interventions, the perioperative use of gabapentinoids is in general suggested to be beneficial in reducing the incidence of persistent pain and reducing the pain scores. 23 The mean starting dose of 20 mg/kg/day reported in this prospective study is somewhat higher than the mean starting dose of 15.5 mg/kg/day, which we previously reported in our retrospective single-institution study (n = 498) of patients with NP related to chemotherapy for acute lymphoblastic leukemia. 10 Consistent with the literature recommendations, we escalate the gabapentin dose regimen to 50 mg/kg/day before adding another line of therapy. In the context of neuropathic cancer pain, there is strong evidence from randomized controlled trials that the addition of gabapentin improves analgesia provided by opioid monotherapy 24, 25 ; furthermore, treatmentrelated side effects are significantly less frequent with dual opioid and gabapentin therapy. 25 Similarly, the addition of both gabapentin and a tricyclic antidepressant to an opioid regimen was found to effectively manage neuropathic cancer pain by decreasing the total pain score and the paroxysmal pain episodes. 26 Comparative efficacy of amitriptyline and gabapentinoids was demonstrated in a randomized placebo-controlled study in neuropathic cancer pain. 27 In our institutional practice, methadone is added as a third line therapy for NP, starting with a low dose (0.1-0.2 mg/kg or 5-10 mg for adolescent patients every 8-12 h), to supplement the regimen of gabapentin and tricyclic antidepressant. In a retrospective review of 37 patients treated with methadone at our institution, the starting dose was 0.06-3.8 mg/kg/day (median 0.32 mg/kg/day). 28 The finding of similar pain outcomes for limb sparing and amputa- On the specific protocol for treatment of OS at our institution, cisplatin is administered during the weeks following definitive surgery for OS. This can be a contributing factor to NP after surgery, creating the context of a mixed source NP syndrome-both postsurgical and related to chemotherapy.
It has been suggested that many types of persistent postsurgical pain are associated with younger age, 13 with an approximate 5% reduction in probability of developing chronic pain with every year of increasing age. 29 These facts may explain the high incidence observed in our study, given the young median age in our study population.
Based on the findings of this study, we recommend that limb spar- 
